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Abstract
Jones, Blake Carlton. Ph.D. The University of Memphis. May, 2016. The Effect of
predatory Encounters on the HPA Axis Responsiveness and Memory of Avian Prey. Co-Major
Professors: David A. Freeman, Ph.D. and Stephan J. Schoech, Ph.D.
Presumably, a threatening encounter with a predator activates the hypothalamic-pituitaryadrenal (HPA) axis in free-living animals in what is commonly called a stress response, which
may help mediate the lasting memory of the attack. However, these assumptions are based on
experiments that do not resemble what free-living animals experience in nature, and typically
involve laboratory models that can have considerably different physiological responses than their
free-living counterparts. To address this gap in our understanding, I developed novel methods to
examine the physiological stress response and its effects on learning and memory in ecologically
relevant contexts. Specifically, I assessed the effect of witnessing a brief raptor attack on
circulating levels of corticosterone (CORT; the primary steroid hormone that is released
following HPA axis activation in birds) in European starlings (Sturnus vulgaris). Additionally, I
adapted the laboratory based fear conditioning paradigm to analyze the relationship between
stress induced CORT and the long lasting memory of free-living Florida scrub-jays (FSJs;
Aphelocoma coerulecens). I also manipulated CORT in subjects to determine if CORT had a
causal effect on memory consolidation. I found that starlings that witnessed a raptor attack as
brief as 2 sec mounted a robust CORT response, which was similar to that following a
standardized capture-and-restraint protocol. Also, FSJs were able to remember a threatening
encounter with a novel predator for 2 years, and the consolidation of this memory was positively
correlated with their stress-induced CORT response. Unexpectedly, moderate stress responders
exhibited an exaggerated fear response with time, which may be explained by the affects of
CORT upon reconsolidation or system consolidation. Further, FSJs that received a relatively
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high dose of exogenous CORT during memory consolidation did not exhibit subsequent fear
responses, which suggest that CORT has an inverted U-shaped relationship with memory
consolidation. This dissertation has revealed similarities and differences between free-living
birds and models traditionally used in endocrinology and animal cognition. Some of these
differences are surprisingly similar to symptoms observed in humans that suffer from posttraumatic stress disorder, and may have significant implications on an individual’s survival and
the recovery of endangered species.!
!

v!!

Preface
The scope of this dissertation research was to better understand the fundamental
relationships among the threat of predation, stress physiology, and learning and memory. We
assessed whether witnessing a brief raptor attack activated the HPA axis, as well as the effects of
glucocorticoids on memory consolidation and the long-lasting retention of a fear conditioned
memory. Chapter 2, titled “Two seconds is all it takes: European starlings (Sturnus vulgaris)
increase levels of circulating glucocorticoids after witnessing a brief raptor attack” has been
published in the journal Hormones and Behavior (Jones et al., 2016). Chapter 3 (“Fear
conditioning in a free-living bird: links among glucocorticoids, long-lasting memory, and
exaggerated fear”) has been submitted for review to the journal Learning and Memory (Jones et
al., in review). Chapter 4 (“Forgetting to remember: memory consolidation is blocked by
exogenous corticosterone in free-living Florida scrub-jays (Aphelocoma coerulecens) is
formatted to be submitted to Hormones and Behavior. To maintain formatting continuity, all
chapters are formatted according to the style guidelines of Hormones and Behavior, which are
nearly identical to those of Learning and Memory.
References
Jones, B.C., Bebus, S.E., Ferguson, S.M., Bateman, P.W., Schoech, S.J., in review. Fear
conditioning in a free-living bird: links among glucocorticoids, long-lasting memory, and
exaggerated fear. In review. Learn Mem.
Jones, B.C., Smith, A.D., Bebus, S.E., Schoech, S.J., 2016. Two seconds is all it takes: European
starlings (Sturnus vulgaris) increase levels of circulating glucocorticoids after witnessing a
brief raptor attack. Horm Behav 78, 72–78. doi:10.1016/j.yhbeh.2015.10.017
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Chapter 1: Introduction
Long-lasting retention of learned antipredator behaviors plays an essential role in survival
(reviewed by Griffin, 2004). Animals exposed to a live predator, or a predator cue, typically
experience activation of the hypothalamo-pituitary-adrenal (HPA) axis to mount what is
commonly called a physiological stress response (e.g., Cockrem and Silverin, 2002). HPA
activation culminates in a surge of glucocorticoids (GCs), which are adrenal cortex-derived
steroid hormones that usually circulate at relatively low baseline concentrations to maintain
metabolic homeostasis (Charmandari et al., 2005). Exposure to elevated levels of GCs can
strengthen memory formation (reviewed by Roozendaal and McGaugh, 2011), and, presumably,
enhance an animal’s ability to learn and remember the dangers of potential predators. However,
the contexts in which GC responsiveness is studied are typically contrived and do not resemble
predatory encounters experienced by free-living animals. Likewise, the study of GC mediation of
learning and memory was almost exclusively conducted in the laboratory with only a handful of
domesticated species.
My dissertation research has focused on the links among predation, GC responsiveness,
and long-lasting memory formation and retention in ecologically relevant contexts. In the first
study presented herein, I exposed wild-caught starlings (Sturnus vulgaris) to a live predator
attack upon a conspecific, which lasted < 2-8 s, and measured subsequent levels of circulating
corticosteone (CORT; the primary GC found in a number of vertebrate taxa including birds). I
then compared these measures to the CORT response following a standardized capture-andrestraint protocol, which is the typical method for assessing stress induced HPA activity in both
free-living and laboratory animals. The second and third studies presented in this dissertation
assess the effects of GC on the development and maintenance of fear memories in Florida scrub-
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jays (FSJs; Aphelocoma coerulecens), a sedentary cooperative breeding species that is well
known for their contribution to stress physiology (Schoech et al., 1991). Specifically, in chapter
3, I fear conditioned FSJs to avoid a novel predator, and examine the correlation between stress
induced CORT following a standardized capture-and-restraint protocol with the consolidation
and retention of the memory of the novel predator for up to two years. I then proceeded to
determine if CORT had a causal relationship with memory consolidation by manipulating CORT
levels in FSJs following fear conditioning.
References
Charmandari, E., Tsigos, C., Chrousos, G., 2005. Endocrinology of the stress response. Annu
Rev Physiol 67, 259–284. doi:10.1146/annurev.physiol.67.040403.120816
Cockrem, J.F., Silverin, B., 2002. Sight of a predator can stimulate a corticosterone response in
the great tit (Parus major). Gen Comp Endocrinol 125, 248–255.
doi:10.1006/gcen.2001.7749
Griffin, A.S., 2004. Social learning about predators: a review and prospectus. Learn Behav 32,
131–140. doi:10.3758/BF03196014
Roozendaal, B., McGaugh, J.L., 2011. Memory modulation. Behav Neurosci 125, 797–824.
doi:10.1037/a0026187.MEMORY
Schoech, S.J., Mumme, R.L., Moore, M.C., 1991. Reproductive endocrinology and mechanisms
of breeding inhibition in cooperatively breeding Florida scrub jays (Aphelocoma c.
coerulescens). Condor 93, 354–364. doi:10.2307/1368951
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Chapter 2: Two Seconds is All it Takes: European Starlings (Sturnus Vulgaris) Increase Levels
of Circulating Glucocorticoids After Witnessing a Brief Raptor Attack.
Introduction
Levels of glucocorticoids (GCs; steroid hormones released by the adrenal cortex) at
baseline serve critical metabolic functions, but increase following activation of the
hypothalamic–pituitary–adrenal (HPA) axis in response to real or perceived stressors, both acute
and chronic (Charmandari et al., 2005). Chronic exposure to GCs can deleteriously affect health
and cognitive function in humans and animals (Cohen et al., 2007; McEwen and Sapolsky, 1995;
McEwen and Wingfield, 2003; Roozendaal et al., 2009; Sheriff et al., 2009). Acute activation of
the HPA axis facilitates physiological and behavioral changes that redirect energy away from
processes not essential for immediate survival, such as reproduction, and toward processes and
behaviors that may enhance survival, such as glucose mobilization, antipredator behaviors, and
memory consolidation (reviewed by Sapolsky et al., 2000; Wingfield and Ramenofsky, 1999).
The conventional methods used to study acute activation of the HPA axis are often
understood to be a proxy for a life-threatening encounter with a predator, even if not explicitly
stated as such (Wingfield and Ramenofsky, 1999). However, the duration of experimental
“acute” stressors used to date are typically longer, by orders of magnitude in most cases, than the
duration of an acute predation attempt experienced by free-living animals. Methods that have
been used include pursuit by a human for 15 min (Rödl et al., 2007), exposure to static predator
mounts for 15 to 60 min (Cockrem and Silverin, 2002; Silverin, 1998), exposure to a tame
individual of a predatory species that does not exhibit depredation behavior for 30 min (Canoine
et al., 2002), or forced proximity to a live predator for 5 to 60 min (Canoine et al., 2002;
Figueiredo et al., 2003; Manogue et al., 1975; McIntyre et al., 1999; Narayan et al., 2013; Park et
al., 2008). Pakkala et al. (2013) present a notable exception with their use of a relatively brief
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predation stressor. They measured HPA axis responsiveness in rock pigeons (Columba livia) that
were used as lure birds to attract and trap free-living raptors (see the Discussion section for
further consideration of this study).
The most widely used stressor for assessing acute HPA axis responsiveness is the
standardized capture-and-restraint protocol (Wingfield, 1994), in which an animal is captured
and subsequently held in a cloth bag anywhere from 5 to 60 min while a series of blood samples
are collected for later measure of GC (Astheimer et al., 1995; Small and Schoech, 2015;
Wingfield et al., 1992). This method has been widely used to study the acute stress response of
vertebrates (Cockrem, 2013), and restrained animals are thought to perceive the capture-andrestraint as a life-threatening encounter with a predator (Wingfield and Ramenofsky, 1999),
which is arguably the ultimate acute stressor.
In contrast, most depredation attempts expose prey to a life threatening interaction lasting
from mere seconds to just a few minutes. For example, most felids stealthily approach
unsuspecting prey and quickly pounce and strike their target, typically without need of a chase
(Fitzgerald and Turner, 2014; Leyhausen, 1979). Likewise, most raptors ambush and pursue
potential prey for < 5 s (Cresswell, 1996; Rudebeck, 1951, 1950). Peregrine falcons (Falco
peregrinus) and cheetahs (Acinonyx jubatus) pursue prey for hundreds of meters, but rarely for
more than 30 s (Cresswell, 1996; Schaller, 1968). Even pursuits of larger game by cooperative
hunters typically last <5 min (e.g., Boesch, 1994; Creel and Creel, 1995; Mech, 1981; but see
Ford et al., 2005). Animals commonly escape brief encounters with predators (reviewed by
Vermeij, 1982), and thus live long enough to experience the presumed resulting GC response.
Moreover, among social animals, witnessing brief predator attacks upon other individuals is
likely a common occurrence. Indeed, individuals of many species learn the dangers of predators
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by observing interactions between predators and other animals (reviewed by Avarguès-Weber et
al., 2013; Griffin, 2004). Although witnessing a predator attack often elicits emotional reactions
and strong antipredator behavior in birds (Griffin, 2004; White et al., 2005), the nature of the
adrenocortical stress response to any stimulus lasting only seconds is unknown. In fact, one
might question whether such short-lived exposures produce a pronounced or even measureable
GC response. Conventional methods are a valuable first step, but, given their unnaturally long
duration and often contrived interactions, how well do they simulate the physiological stress
response experienced by free-living animals in reaction to natural encounters with predators? In
an attempt to address this question, we examined GC levels of individuals following extremely
short-duration exposure to a predator.
We hypothesized that a stimulus lasting only seconds is a stressful event capable of
activating the HPA axis, and thus predicted that observing a brief duration predator attack leads
to activation of the HPA axis and ultimately, a GC response. We tested this prediction by
measuring circulating levels of corticosterone (CORT; the primary GC in birds, rodents, reptiles,
and amphibians) in wild-caught European starlings (Sturnus vulgaris, a social passerine) after
they had witnessed both raptor and human attacks upon a conspecific. Though our protocol does
not allow us to distinguish whether the observed CORT responses were due to witnessing an
attack per se or observation of the attacker, we use the term “witness” throughout.
Methods
Study species and site
We obtained 24 free-living European starlings in Gorham, Maine and transported them to
Block Island, Rhode Island (41°10′20′′N, 71°33′27′′W) in mid-September 2012. The Institutional
Animal Care and Use Committee of the University of Memphis approved all protocols. Study
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subjects were a mix of adult and hatch year birds of both sexes, as determined by morphometrics,
plumage, and iris color (Pyle et al., 1997). Of the 18 individuals used in the experiment (see
below), 15 were adults. Starlings were divided into two equal groups and held in two, free-flight
aviaries measuring 1.0 m × 2.5 m × 2.0 m for seven days. In each aviary we provided multiple
perches and three locations with ad libitum food and open water for drinking and bathing. To
allow ready access to individuals during the experimental period (23 Sep to 8 Oct), we randomly
selected and paired 18 individuals into nine cages (36 cm × 43 cm × 60 cm). We housed starlings
as pairs because isolation increases baseline CORT in this highly social species (Apfelbeck and
Raess, 2008). We provided fresh food (a mixture of Kaytee Exact Softbill pellets, Eukanuba
Maintenance Small Bite Dog Nutrition, hard-boiled egg, and layer mash chicken feed) and water
ad libitum twice daily. We cleaned aviaries and cages daily and maintained starlings under
natural photoperiod and ambient temperatures, but protected them from rain and wind.
Blood sample collection
Circulating CORT concentrations begin to increase within 3 min of the onset of an acute
stressor in passerines (Romero and Reed, 2005; Romero and Romero, 2002); therefore, with the
exception of the capture-and-restraint stress-induced samples, we collected all samples within 3
min of the initial disturbance associated with blood sampling. To ensure CORT levels had begun
to rise, but were unlikely to have exceeded peak levels (based on previous capture-and-restraint
experiments conducted on starlings; Rich and Romero, 2005; Romero and Remage-Healey,
2000), we collected stress-induced blood samples approximately 11 min after the initiation of a
stressor (i.e., capture- and-restraint or attack treatments; see below). Samples consisted of ≤120
µL of blood collected in heparinized microhematocrit tubes following puncture of the brachial
vein with a 26 gauge needle. For a given individual, we collected no more than 240 µL of blood
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in any 24 h period or 720 µL over the entire study period, which are approximately half of the
permissible volumes (Fair et al., 2010; Owen, 2011). Samples were held on ice for 1–3 h, after
which plasma was separated by centrifugation, drawn off, and stored at −20 °C until analysis.
Basal and stress-induced circulating CORT levels are highest during the non-active period (i.e.,
night), and transition to lower levels just before the onset of the active period (i.e., day) in
diurnal birds (Breuner et al., 1999; Tarlow et al., 2003; Westerhof et al., 1994), including
starlings (Romero and Remage-Healey, 2000). To control for circadian variation in CORT
levels, we collected blood samples during the starling active period (at least 1.5 h after sunrise
and no later than 2.5 h before sunset).
Standardized capture-and-restraint stress
Four days before the initiation of predator attack trials, we collected blood samples from
all individuals using a standardized capture-and-restraint stress protocol (modified from
Wingfield et al., 1992). To ensure that all subjects were bled within 3 min (mean ± SD = 2.1 ±
0.7 min; range = 0.9–2.9 min) of initial disturbance, we maintained starlings in multiple, isolated
locations. We then placed birds in a cloth bag in the shade until we collected a second blood
sample approximately 11 min after initial disturbance (mean ± SD = 11.0 ± 0.9 min; range = 9.9–
12.7 min).
Experimental treatments
Eighteen starlings witnessed three different treatments on a focal lure starling: (i) a raptor
attack (R); (ii) a human “attack,” during which a researcher approached and handled the lure (H);
and (iii) an unmolested control (C) (see below for details for each treatment). Witnesses were
randomly assigned to one of 18 unique sequences of four exposures to the three treatments (e.g.,
RRHC, HCCR, CRHH); one treatment was repeated in each sequence for statistical
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considerations (see below). Starlings experienced no more than one treatment in a 24 h period
(median = 48 h between treatments; range = 24–126 h). For each exposure event, we randomly
assigned a starling to one of four observation cages (21cm×21cm×21cm) atop a1m pole in a
semicircular arrangement 4 m from the lure starling (Fig. 1). We positioned witness cages to
allow direct visual observation of the lure starling while preventing visual observation of other
witnesses and the blind, from which we controlled the lure (Fig. 1).

Fig. 1. Experimental set-up to elicit attacks from free-living raptors upon a European starling
lure in view of four witness starlings arranged in a semicircle; all witness observation cages are
equidistant from the lure.
Cages contained a perch and fresh food and water. All treatments occurred between 75 and 175
min after witnesses were placed in their observation cages to ensure that CORT levels measured
during treatments had likely returned to pre-handling levels (Rich and Romero, 2005). We
scheduled the human and control treatments to approximate the timing of raptor attacks, which
were largely out of our control (H = 101.4 ± 24.2 min, C = 104.5 ± 25.0, and R = 106.6 ± 25.0
min; all times reflect mean [±SD] time that had passed after witnesses were placed in their
observation cages).
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Raptor attacks
To elicit raptor attacks, we used methods commonly employed at raptor banding stations
(Hull and Bloom, 2001). We tethered a lure starling, wearing a protective leather harness, to a
Dacron® line. The line allowed manipulation of the lure from a blind positioned approximately
15 m from the lure and behind the witness cages (Fig. 1). The researcher in the blind periodically
pulled on the line to lift the lure starling into the air, causing it to flap and, in turn, attract the
attention of nearby raptors that were spotted from inside the blind, or were spotted by another
biologist from approximately 50 m behind the blind and communicated to the blind via walkietalkie. We used two dedicated lure starlings for the duration of the experiment; both experienced
four attacks by raptors, but neither sustained visible injuries from these encounters. Three raptor
species attacked the lures: peregrine falcon (n = 6), merlin (Falco columbarius; n = 1), and
Cooper's hawk (Accipiter cooperii; n = 1). Peregrine falcons attacked the lure starling from on
high in a single stoop and did not alight. In contrast, the merlin and Cooper's hawk approached
the lure, flying much closer to the ground and concluded their attacks by landing on top of the
lure. In all instances raptors made direct contact with the lure, and at the moment of contact the
researcher in the blind used the tether to pull the lure into a small, camouflaged blind out of sight
of the witnesses (Fig. 1). This caused the attacking raptor to release the lure and fly away. The
duration of the approach, attack, and departure that was visible to witness starlings was < 2 s for
five peregrine falcons and < 8 s for the remaining peregrine falcon attack, as well as those of the
merlin and Cooper's hawk. After the raptor attacks, witness starlings remained undisturbed in
their cages for approximately 11 min (mean ± SD = 11.0 ± 0.7 min; range = 10.0–12.0 min) until
biologists collected blood samples within 3 min (mean ± SD = 1.7 ± 0.7 min; range = 0.8–2.8
min) of first human disturbance.
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Human attack
As in the raptor attack treatment, the tethered lure starling was periodically pulled into
the air preceding the human attacks. At the designated time, a biologist approached and grabbed
the lure starling for <2 s, after which the researcher in the blind remotely pulled the lure starling
into the camouflaged blind out of sight of the witness birds, and the “attacking” biologist quickly
retreated. The “attacking” biologist wore the same wide brimmed hat, oversized sunglasses, and
blue field clothes for each trial; besides the human attack, at no time did a researcher wear blue
clothes, hats, or sunglasses during the study. After the human attacks, witness starlings remained
undisturbed in their cages for approximately 11 min (mean ± SD = 10.8 ± 0.7 min; range = 9.9–
12.0 min) until biologists collected blood samples within 3 min (mean ± SD = 1.6 ± 0.7 min;
range 0.8–2.9 min) of the first human disturbance associated with blood collection.
Controls
As in the attack treatments, the tethered lure starling was remotely pulled into the air
periodically preceding control sample collection. At the designated time, the researcher in the
blind remotely pulled the lure bird into the camouflaged blind. Witness starlings remained
undisturbed in their cages for approximately 11 min (mean ± SD = 10.9 ± 0.7 min; range = 10.0–
12.0 min) until biologists collected blood samples within 3 min (mean ± SD = 1.8 ± 0.7 min;
range 0.8–2.9 min) of first human disturbance.
Plasma CORT analysis
We used an enzyme-linked immunoassay (Cayman Chemical 500655; detection limit of
30 pg/ml) to quantify total plasma CORT, which we argue is the most appropriate and
interpretable measure of CORT (Schoech et al., 2013). Prior to CORT assay, we diluted plasma
samples in assay buffer (1:21 for baseline and control samples and 1:101 for stress-induced
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samples) to ensure values fell on the linear part of the standard curve (see Small and Schoech,
2015 for details). Samples were assayed in duplicate over three plates with intra-assay CVs of
3.5–3.7%. We used a known amount of standard CORT to prepare standard curves and internal
controls. Inter-assay CV was 4.7%.
Statistical analysis
We used an 18-sequence, 4-period, 3-treatment crossover design, which allowed for the
estimation of first-order carryover effects (i.e., residual effects due to the type of immediately
preceding treatment). We did not estimate higher-order effects (i.e., the combined residual
effects due to two or more preceding treatments), as these effects are not routinely considered
and would have required an overly complicated design and unrealistic sample size (Williams,
1949). Additionally, a washout period (≥ 24 h between treatments) reduced the possibility of
carryover effects in CORT measurements. Our design also allowed for the estimation of
interactions between carryover and direct effects by considering “mixed” and “self” carryover
effects (Kunert and Stufken, 2002). In each of the 18 unique treatment sequences, one treatment
was repeated in two consecutive periods. That is, each treatment preceded every other treatment
(“mixed”), as well as itself (“self”), the same number of times. An estimation of all possible
interactions between carryover and direct effects, as put forth by Sen and Mukerjee (1987),
would require a model with too many parameters to be useful, but the use of mixed and self
carryover effects offers an optimal compromise (Kunert and Stufken, 2002). This design further
guaranteed that carryover effects were not confounded with treatment effects. Because period
effects are common in crossover designs (e.g., acclimation to stressors), we designed sequences
to guarantee that period effects were not confounded with treatment effects (i.e., each treatment
occurred the same number of times in each of the four periods). We randomly assigned
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individuals to sequences.
We evaluated the effects of attack treatment on CORT levels using a linear mixed effects
model in R (version 3.2.1; R Core Team 2015) with the “lme4” package (Bates et al., 2015). In
addition to treatment, period, first-order carryover, and the type of first-order carryover effect
(i.e., “self” or “mixed”), we allowed for a possible interaction between the type of carryover and
first-order carryover effects. We also included four covariates in the analysis: the sex of the
individual, the presence of active body or flight feather molt (Romero and Remage-Healey,
2000; Romero et al., 1998), time spent in the observation cage prior to the treatment, and witness
baseline CORT level measured prior to the experiment. We did not evaluate the effect of age
since most individuals were adults.
We estimated variances separately for each treatment to accommodate variance
heterogeneity among the three treatments (Pinheiro and Bates, 2000). We included a random
intercept for individuals, but excluded the random effect for the 26 attack and control events
required to complete the experiment because there was no variability attributable to these events
beyond residual variation. We report tests of fixed effects using the Kenward–Roger adjustment
(Kenward and Roger, 1997) from the “pbkrtest” package in R (Halekoh and Højsgaard, 2014).
We report probabilities from Tukey's adjusted pairwise comparisons, as well as effect size
estimates (Cohen's d adjusted for matched measurements; Dunlop et al., 1996) between
treatments.
To evaluate the similarity of CORT levels following exposure to a live predator attack
upon a conspecific to those obtained in response to the capture-and-restraint protocol, we used
two one-sided tests (TOST; Schuirmann, 1981; Westerlake, 1981) from the “equivalence”
package in R (Robinson, 2014). Additionally, we used TOST to evaluate the similarity of CORT
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levels following exposure to a control treatment to baseline levels obtained during the captureand-restraint protocol. We considered mean CORT levels of witnesses to be equivalent if they
differed by less than the standard deviation of the relevant capture-and-restraint CORT
measurements (i.e., 3.6 ng/ml for the comparison of experimental control vs. baseline CORT
levels and 11.0 ng/ml for the comparison of experimental raptor attack vs. capture-and-restraint
stress-induced CORT levels).
All data and R code necessary to replicate these analyses are available at
https://github.com/adamdsmith/Starling_CORT.
Results
Levels of CORT varied markedly and distinctly among all experimental treatments (F2,
27.1

= 85.5, P < 0.001; Fig. 2). Specifically, CORT levels of individuals that witnessed a raptor

attack were markedly higher than their CORT levels when in the control treatment (least squares
mean difference ± SE = 27.4 ± 3.0 ng/ml; t22.8 = 9.1, P < 0.001; Cohen's d = 2.6) or after
witnessing a human attack (least squares mean difference ± SE = 13.3 ± 3.2 ng/ml; t29.0 = 4.1, P <
0.001; Cohen's d = 1.4).
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Fig. 2. Total plasma corticosterone measured from 18 starlings during capture-and-restraint and
three experimental treatments. All samples were collected within 3 min of initial human contact.
See text for a description of the capture-and-restraint and experimental treatments. Results
represented as Tukey boxplots.
CORT levels of starlings that witnessed a human attack were also considerably higher that those
that resulted from the control treatment (least squares mean difference ± SE = 14.2 ± 1.4 ng/ml;
t22.3 = 10.2, P < 0.001; Cohen's d = 2.0). TOST indicated equivalence between the CORT levels
of starlings after a raptor attack and pre-experimental capture-and-restraint (P = 0.006), as well
as between experimental controls and pre-experimental baseline levels (P = 0.002).
Because there was little evidence of an interaction between first-order carryover effects
and the general type of carryover effect (F2, 39.2 = 1.0, P = 0.49), we excluded this interaction
from the final model, and thus included only the additive effects of first-order carryover (i.e., did
the type of treatment in the previous period influence CORT levels in the current treatment?) and
general carryover type (i.e., “self” or “mixed”). The distinction between “self” and “mixed”
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carryover effects in CORT levels was inconsequential (F1, 31.7 = 1.6, P = 0.21), as was the
influence of the preceding treatment on the current treatment (i.e., first-order carryover effects;
F2, 31.0 = 1.8, P = 0.18). Starling CORT levels did not vary with the sequence of the treatments
(i.e., period effects; F3, 22.3 = 1.7, P = 0.19). We found no evidence that baseline CORT level (F1,
13.3 =

1.4, P = 0.25), molt status (F1, 14.0 = 0.0, P = 0.96), or sex (F1, 14.3 = 1.5, P = 0.24) influenced

the stress response of witness starlings. Witnesses that waited longer in the observation cage
prior to treatment exhibited slightly increased levels of CORT (F1, 23.3 = 4.3, P = 0.05).
Specifically, CORT levels varied approximately 5 ng/ml over the full range of times spent in
observation cages, or roughly 17% of the observed effect of witnessing a raptor attack. This
minimal effect suggests that the HPA axes of individuals with shorter wait times between
transfer to observation cages and witnessing raptor attacks were still experiencing some degree
of negative feedback.
The fixed effects in our final linear mixed model (predominantly treatment effects)
explained roughly 59% of the variation in CORT measurements (marginal R2 = 0.59; Nakagawa
and Schielzeth, 2013). We do not report the conditional R2 values (i.e., proportion of variation
explained by fixed and random effects) given the slightly contrived random effects structure
necessary to fit the heterogeneous variance model.
Discussion
Our study demonstrated that starlings that witnessed (i) a fleetingly brief (b2–8 s) raptor
attack upon a conspecific exhibited a pronounced elevation in levels of CORT comparable to that
induced by a standard capture-and-restraint protocol, and (ii) an equally brief human attack
exhibited increased levels of circulating CORT, but to a lesser degree than those induced by a
raptor attack or handling stress. To the best of our knowledge, we are the first to demonstrate that
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such an exceptionally brief stimulus (< 2–8 s) is sufficient to induce GC release.
Although starlings exhibited elevated levels of circulating CORT after witnessing a
raptor attack, we cannot determine which specific stimulus or combination of stimuli are
responsible. For instance, starlings may have exhibited similar levels of CORT in response to a
2–8 s presentation of a relatively static, non-attacking raptor. Indeed, presenting a predator or
predator model for extended periods of time (e.g., 15– 30 min) is sufficient to activate the HPA
axis (e.g., Canoine et al., 2002, Cockrem and Silverin, 2002), but exposure of shorter durations
has not been tested. Additionally, lure starlings vocalized very briefly during both raptor and
human attacks, but ceased as soon as the attack ended. Conceivably, short alarm calls from the
attacked conspecific could have influenced levels of circulating CORT in witnesses. Alarm calls
can induce profound physiological and behavioral effects in individuals that receive the calls
(reviewed by Hollén and Radford, 2009), but the endocrine response of an animal to hearing an
alarm call remains unknown. Still, other elements may have caused the elevated levels of CORT
in witness starlings, such as novocal behaviors of the lure starling, close proximity to a fast
moving object, the inability to escape after seeing a raptor, and the actual attack itself. Though
we cannot determine which specific stimulus caused elevated levels of CORT in witness
starlings, we suspect a combination of elements is responsible.
We are aware of only one other study that has evaluated HPA axis activation in response
to a relatively brief encounter with a predator. Pakkala et al. (2013) documented the stress
response of rock pigeons used as lures to trap free-ranging raptors. The authors report a nearly
statistically significant increase of CORT levels in pigeons attacked by raptors relative to
controls (P = 0.06; see Fig. 1 in Pakkala et al., 2013). However, the elevated CORT levels cannot
be solely attributed to raptor attacks because the attacked birds experienced additional non-
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predator stimuli not experienced by controls. Specifically, 11 of the 18 attacked individuals were
captured in a spring-loaded trap along with the raptor and experienced close proximity to at least
one human and the trapped raptor as it was extricated from the trap. The authors do not indicate
the duration of the stressor (i.e., raptor attack, trapping, and removal), but, based on our
experience trapping raptors, the entire stimulus likely lasted 60 s or more.
In addition to predator exposure and capture-and-restraint, biologists have studied the GC
response to a variety of “acute” stressors, including social isolation (Hennessy, 1997), novel
environments (Hennessy and Levine, 1978; Muir and Pfister, 1986), and agonistic encounters
with conspecifics (Huhman et al., 1990; Louch and Higginbotham, 1967; Øverli et al., 1999).
Like predator cues and capture-and-restraint, the duration of stressful stimuli in studies such as
these typically range from minutes to hours. However, methods of notable exception include 15 s
of human handling (Armario et al., 1986), 30 s of repeated electric foot shocks (Friedman et al.,
1967), and 30 s of placement on a hot plate (Galina et al., 1983), all of which increased
circulating levels of plasma CORT in rats (Rattus norvegicus). Nonetheless, to the best of our
knowledge, the <2–8 s raptor attacks in this study are the briefest stimulus shown to elicit a GC
response in any animal, target or spectator.
Why did witnesses experience a reduced CORT response to the human “attack”?
Starlings may regard humans as less dangerous than natural avian predators because of repeated
non-antagonistic contact with humans leading to habituation (Rankin et al., 2009). Additionally,
alarm calls produced by lure starlings during raptor and human attacks conceivably conveyed
differential information to witnesses regarding the severity of the threat, thus influencing witness
perceptions of danger and in turn their CORT responses.
The standardized capture-and-restraint protocol (Wingfield, 1994), used widely across
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vertebrate taxa to quantify the stress-induced adrenocortical response (Cockrem, 2013), produced
an HPA axis response comparable to that induced by witnessing a live predator attack. However,
because our capture-and-restraint and experimental protocols contained only a single sampling
point, the two methods may have elicited fundamentally different CORT responses in terms of
the maximal levels attained, time until peak CORT levels, or the duration of the response. An
assessment of CORT concentrations at multiple time points following the predator attack
stimulus would reveal the nature of the CORT response; however, this will require a betweensubjects approach to avoid the confounding influence of repeated human handling and blood
collection on the CORT response.
Increased levels of circulating GCs can enhance the consolidation of learned information
into long-term memories (reviewed by McGaugh, 2000; Rodrigues et al., 2009; Schwabe et al.,
2011). Many animal species rely on learned information to respond appropriately to predators
(review by Griffin, 2004), and thus HPA axis sensitivity to witnessing a brief predator attack
may be adaptive, particularly among social species. That is, an animal that experiences a CORT
response immediately after witnessing a predator attack upon a conspecific may better remember
that type of predator and employ more appropriate antipredator behaviors in future encounters,
thus enhancing survival. Whether GC release during brief encounters with a predator conveys
such beneficial effects to an individual's memory and survival remains untested, but is a
worthwhile avenue of investigation with possible real-world applications, considering that many
conservation programs expose naïve, captive-reared individuals of endangered species to
predators prior to release in an attempt to increase their post-release survival (Griffin, 2004;
McLean et al., 1999; Van Heezik et al., 1999; White et al., 2005).
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Conclusion
Our data demonstrate that witnessing a brief (<2–8 s) depredation attempt upon a
conspecific activates the HPA axis, culminating in CORT release. However, the exact stimulus
or stimuli responsible for the observed difference in CORT levels among treatments are
unknown. The effect of this very brief and ecologically relevant stressor upon GC secretion was
comparable to that induced by capture-and-restraint. We speculate that the observed HPA axis
sensitivity in response to such a brief stimulus may be adaptive, given the enhancing effects of
GCs upon memory consolidation, and this might be especially so for social species. Future
studies should consider the temporal nature of GC secretion in response to witnessing a
depredation attempt as well as other influences (e.g., conspecific vs. heterospecific targets and
visual, auditory, and olfactory stimuli) on the magnitude of the response across the spectrum of
sociality.
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Chapter 3: Fear Conditioning in a Free-living Bird: Links Among Glucocorticoids, Long-lasting
Memory, and Exaggerated Fear.
Introduction
The acquisition and retention of memories following emotionally arousing experiences
(i.e., those that trigger an acute stress-response) tend to be enhanced and better remembered than
non-emotive memories (McGaugh and Roozendaal, 2002). The link between stress and memory
is, in part, mediated by the secretion of glucocorticoids (GCs) following activation of the
hypothalamic-pituitary-adrenal (HPA) axis (reviewed by Cahill and McGaugh, 1998; Rodrigues
et al., 2009; Roozendaal, 2002). GCs are adrenal cortex-derived steroid hormones that usually
circulate at relatively low baseline concentrations, but which increase in response to a stressor
(Charmandari et al., 2005; Norris and Carr, 2013). Generally, chronic (long-term) exposure to
elevated GCs disrupts cognitive abilities (reviewed by Juster et al., 2010; Lupien et al., 2009;
McEwen and Sapolsky, 1995; McEwen, 2004; Sapolsky, 1996), whereas acute (short-term)
exposure can either impair or enhance cognition and memory, depending on the intensity of the
stressor, as well as the specific cognitive process (de Kloet et al., 1999; Roozendaal and
McGaugh, 2011; Roozendaal, 2002; Schwabe et al., 2011). For example, the transitory surge of
circulating GCs that accompany an emotive experience typically enhances memory consolidation
(i.e., the process by which newly acquired information transitions from short-term memory,
which lasts seconds to hours, to long-term memory, which lasts hours to weeks [see reviews in
McGaugh, 2015, 2000; Roozendaal, 2002, 2000; Sandi and Pinelo-Nava, 2007]). Conversely,
elevated GCs tend to impair memory recall or reactivation (i.e., access of previously
consolidated memories [Roozendaal, 2002]).
Despite the considerable attention memory consolidation has received in psychology and
biology, most investigators have studied “long-term” memories within a timeframe no more than

!

26!

!
hours to days past consolidation (e.g., Akirav et al., 2004; Finsterwald and Alberini, 2014;
Roozendaal et al., 2006, 1996; Salehi et al., 2010). In fact, we are unaware of a study that has
assessed the effects of GCs on the retention of memory beyond one week (e.g., Buchanan and
Lovallo, 2001; Cordero and Sandi, 1998; Flood et al., 1978; Frost et al., 1985; Maheu et al.,
2004; Shors et al., 1992). This is surprising given that many animals can retain memories for
months or even years. For example, Clark’s nutcrackers (Nucifraga columbiana) and western
scrub-jays (Aphelocoma californica) retain memory of a majority of cache locations for up to
nine months (Balda and Kamil, 1992; Bednekoff et al., 1997). Also, domestic pigeons (Columba
livia domestica) can discriminate among 160 learned images, with minimal error, more than two
years after initial conditioning (Vaughan and Greene, 1984). As an extraordinary example of
long-lasting memory in a non-human animal, Lana, the first chimpanzee to demonstrate language
learning, recognized the majority of previously learned lexigram symbols that she had not seen
for over 20 years (Beran et al., 2000). Studies of “long-term” memory often have used the term
“long-lasting” to describe memories that persist for only days to weeks (e.g., Marin et al., 2011;
Quirk, 2002; Zoladz et al., 2012). However, we use the term “long-lasting memory” to refer to
memory that is retained for months to throughout the lifetime of an individual (see McGaugh,
2000). To the best of our knowledge, the influence of stress physiology on long-lasting memory
is unexplored.
Long-lasting retention of learned behaviors plays an essential role in survival (Kenward
et al., 2006; Midford et al., 2000; Speed, 2000), including antipredator behaviors (e.g., vigilance,
fleeing, mobbing, alarm calling; Cornell et al., 2011; Griffin, 2004; Rainey et al., 2004; Turner et
al., 2006). For instance, naïve captive-reared Puerto Rican parrots (Amazona vittata) increased
vigilance in response to a trained red-tailed hawk (Buteo jamaicensis) after witnessing the hawk
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attack a congener (i.e., a tethered Hispaniolan parrot, A. ventralis), and had greater post-release
survival compared to birds that had not witnessed an attack (White et al., 2005). Exposure to a
live predator, or a predator cue, is an emotionally arousing stimulus capable of activating the
hypothalamo-pituitary-adrenal (HPA) axis to mount what is commonly called a stress response
(Canoine et al., 2002; Cockrem and Silverin, 2002a; Manogue et al., 1975; Pakkala et al., 2013;
Park et al., 2008; Silverin, 1998), even if the predator stimulus is fleetingly brief (Jones et al.,
2016). And, as described above, exposure to stress-induced increased levels of GCs can
strengthen memory formation (McGaugh, 2015, 2000; Roozendaal and McGaugh, 2011;
Roozendaal, 2002).
A standard fear conditioning paradigm has been used for over a century to evaluate the
effects of acute stress on the consolidation of long-term memories in laboratory models (e.g.,
Maren, 2001; McGaugh, 2015; Ng and Gibbs, 1991; Phillips and LeDoux, 1992; Sandi and
Pinelo-Nava, 2007; Sandi and Rose, 1994; Yerkes and Dodson, 1908). Fear conditioning is a
form of associative learning that pairs a fear-inducing stimulus, known as an unconditioned
stimulus (e.g., foot shock) with a neutral stimulus (e.g., a single innocuous tone) or neutral
context (e.g., a covered box). The neutral cue then becomes a conditioned stimulus as a result of
the pairing, and can elicit a fear response (i.e., conditioned response) in the absence of the
unconditioned stimulus. The degree of the conditioned response is a measure of the strength to
which the association between the conditioned and unconditioned stimuli has been consolidated
into long-term memory.
Utilization of fear conditioning paradigm in rodents has revealed that the initiation of the
physiological stress response following a contextual fear stimulus is mediated be the amygdala,
an area of the limbic system known for its role in processing emotional reactions. Specifically,
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the amygdala receives sensory information about an external threat from the thalamus,
hippocampus, and other higher cortical areas, which is then communicated to the sympathetic
nervous system to increase the release of catecholamines to enhance alertness and facilitate
“flight-or-fight” (Charmandari et al., 2005; Herman and Cullinan, 1997; Rodrigues et al., 2009).
The amygdala also activates the HPA axis via the paraventricular nucleus (PVN) of the
hypothalamus, which responds with the release of a number of different hormones and releasing
factors that ultimately lead to the secretion of GCs from the adrenal cortex (Charmandari et al.,
2005; Herman and Cullinan, 1997; Rodrigues et al., 2009). The HPA axis response to a stressor
is self limiting, as negative feedback within the HPA axis, via GCs, inhibit their further release
(reviewed by Herman and Cullinan, 1997). Interestingly, activation of GC receptors in extraHPA axis structures, such as the hippocampus and basolateral amygdala (BLA), also contribute
to the negative feedback of the GC stress response (Boyle et al., 2006; Herman et al., 1998). In
fact, the BLA and hippocampus, which are key regulatory centers in the formation and retention
of fear memories (Maren, 2001; Phillips and LeDoux, 1992; Rodrigues et al., 2009), have also
been implicated in the regulation of the overall magnitude of the GC response following HPA
axis activation (Herman et al., 2005). Though our understanding of the neuroendocrine pathways
of fear conditioning has been largely derived from rodent models, the relevant cerebral
homologies between the avian and mammalian brain are similar in function and nomenclature
(Jarvis et al., 2005).
Despite the long history of its use, few have used fear conditioning to study the effects of
stress physiology on learning and memory in captive wild animals (Mateo, 2008; Thaker et al.,
2010), or free-living animals (Thaker et al., 2010). Therefore, we developed a protocol, based on
the laboratory fear-conditioning paradigm, to assess the effects of GCs on the consolidation of
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long-term memory and the maintenance of long-lasting memory in a free-living species, the
Florida scrub-jay (FSJ; Aphelocoma coerulescens). We hypothesized that exposure to GCs
during an emotionally arousing event would mediate the consolidation and long-lasting retention
of the memory of that event. Specifically, we predicted that the amount of endogenous GCs an
individual produced in response to a standardized stressor, which is repeatable in an individual
for years (Small and Schoech, 2015), would positively correlate with the consolidation and longlasting retention of the memory of a novel predator attack.
Methods
Study System
The FSJ is a federally threatened, moderately long-lived, non-migratory, socially and
genetically monogamous, cooperatively breeding avian species that relies on the fire-dependent
Florida scrub ecosystem (Quinn et al., 1999; Townsend et al., 2011; Woolfenden and Fitzpatrick,
1984). We studied a population of ca. 200 FSJs at Archbold Biological Station (ABS), Highlands
County, Florida (27°19′N, 81°2l′W, elevation 38-68 m). We used the FSJ as a model to study
long-lasting memory and stress physiology in a free-living animal because they are easily located
within year-round territories and individuals are readily identified by unique combinations of
color bands and USGS aluminum bands. Also, the population at ABS readily eats and caches
peanuts and waxworms, which we use to bait traps, administer exogenous compounds, and
motivate individuals to participate in behavioral tests (Schoech et al., 2007, 1991). As a caching
and retrieving species, Aphelocoma jays have well developed cognitive and memory capabilities
making them an appropriate model for our study (Bebus et al., 2016; Bednekoff et al., 1997;
Brown, 1997; Clayton and Dickinson, 1998; Clayton et al., 2007, 2003, 2001; Midford et al.,
2000; Wiltschko and Balda, 1989). Additionally, FSJs have baseline and stress-induced levels of
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corticosterone (CORT; the primary GC in a number of vertebrate taxa, including birds) that are
repeatable within individuals across life history stages (Rensel and Schoech, 2011) and multiple
years of adulthood (Small and Schoech, 2015). We chose to investigate the effects of stress on
memory in free-living animals rather than a captive model for two reasons. First, the behavior
and physiology of free-living animals frequently differs markedly from that of domesticated and
laboratory models (e.g., Barnett, 1958; Blanchard et al., 1986; Calisi and Bentley, 2009;
Crawford, 1968; Fleming et al., 2002; Johnsson et al., 2001; Klaus and Amrein, 2012; Künzl et
al., 2003; Lincoln et al., 1990; Mineka et al., 1980; Mitchell, 1976; Price, 1999; Rogers and
Richter, 1948; Stryjek et al., 2013). Second, wild-caught animals kept in captivity may suffer
from chronic stress, which can alter HPA axis function (Dickens et al., 2010, 2009; Morgan and
Tromborg, 2007; Terio et al., 2004), and thus can confound experiments designed to evaluate the
effects of acute stress on memory.
Fear Conditioning
We used fear conditioning, rather than non-emotive associative learning to study memory
because emotionally arousing experiences are typically better remembered (McGaugh and
Roozendaal, 2002) and can stimulate GC secretion (Canoine et al., 2002; Cockrem and Silverin,
2002a; Jones et al., 2016). We conditioned randomly selected FSJs to avoid novel “predators”
(the “Umbrella” in late March through April 2012 and the “Puppet” in April 2013; Fig. 1) by
chasing subjects (unconditioned stimulus) with the novel predator (conditioned stimulus) for less
than 5 s from within 4 m.

!

31!

!

Fig 1. Novel predators, “Umbrella” and “Puppet,” used for fear conditioning of Florida scrubjays.
Both predators are collapsible, easily concealed by the operator, and quickly spring open.
Randomly selected controls were not exposed to the predator, but were approached and briefly
observed by a field biologist in typical field garb. We subsequently quantified individuals’
conditioned responses by slowly approaching (ca. 1 m/sec) subjects with the novel predator from
a starting distance of 40 m and measured their flight initiation distances (FID; distance at which
the individual flees from an approaching threat). FID has been used extensively to test the
economic risk-sensitivity hypothesis (Cooper and Frederick, 2007; Ydenberg and Dill, 1986),
which predicts that an organism will flee from an approaching predator when the costs of staying
outweigh the costs of fleeing. Various factors can influence perception of predation risk,
including previous experience with predators (Bateman and Fleming, 2014; Bateman et al.,
!
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2014; Cooper and Frederick, 2007; Stankowich, 2009). We predicted that, when slowly
approached by a novel predator, birds previously chased by the predator would flee sooner (i.e.,
have longer FIDs) compared to controls previously unexposed to the predator. FID trials were
conducted on open sandy firebreaks, and we used peanuts to attract FSJs to focal locations 40 m
from a blind from which the predator emerged. To avoid the possible confounds of different
levels of appetite among subjects, we conducted FID trials after all individuals had stopped
eating and had begun to collect peanuts to cache. The approaching researcher dressed as the
predator dropped weighted flagging as each bird fled. The distance from the dropped flagging to
each bird’s departure point was measured as that individual’s FID. A second researcher
confirmed each fleeing bird’s unique color band combination and departure point with
binoculars. We measured FIDs in response to the Umbrella ca. 48 h (48.54 ± 1.60 h, 45.16 –
52.00 h), 11 mo (10.89 ± 0.51 mo, 9.10 – 12.83 mo), and 2 yr (1.93 ± 0.05 yr, 1.83 – 2.08 yr) and
the Puppet ca. 48 h (48.44 ± 1.47 h; 45.12 – 50.94 h) and 11 mo (11.03 ± 0.53 mo; 10.23 – 12.00
mo) after conditioning and control exposures (times are expressed as mean ± SD and ranges are
noted). We conducted all conditioning and control exposures and FID trials between 1200 and
1730 h. FSJs live in social groups, and thus a majority (86%) of the 358 individual FID measures
were collected in groups of two or more individuals. We address this potential violation of within
individual independence in the statistical analysis below.
Stress-induced CORT
To investigate the relationship between CORT and the retention of long-term and longlasting memory, we used measures from individuals in response to a standardized capture-andrestraint protocol (Wingfield et al., 1992) as a proxy for the stress response experienced during
the conditioning trials. We used this standardized measure for two reasons. First, it would be
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impossible to assess among-individual variation of CORT response dynamics following
conditioning treatments. Quantifying the dynamics of a stress response requires multiple blood
samples over a period of time, a process that, in turn, would elicit a CORT response of its own,
and thus confound CORT released in response to the conditioning treatment. Second, stressinduced measures of CORT are repeatable within individual FSJs (Rensel and Schoech, 2011;
Small and Schoech, 2015). To obtain standardized stress-induced measures, we captured
individuals in peanut baited Potter traps from January to early March 2012 before Umbrella
conditioning and control treatments, and again from February to March 2013 before Puppet
conditioning and control treatments. We obtained baseline blood samples from individuals
within 3 min of trapping (Romero and Romero, 2002, but see Romero and Reed, 2005; Small et
al., in review), and collected stress-induced samples at 5, 15, and 30 min post capture. Between
blood samples, FSJs were held in a loosely woven cloth bag placed in the shade. At each time
point we collected ≤ 120 µL of blood in heparinized microhematocrit tubes following puncture
of the brachial vein with a 26 gauge needle. Total collected volumes were well within
recommended limits (Fair et al., 2010; Owen, 2011). Samples were held on ice for 1-4 h, after
which plasma was separated by centrifugation, drawn off, and stored at −20 °C until analysis.
We used an enzyme-linked immunoassay (Cayman Chemical 500655; detection limit of 30
pg/ml) to quantify total plasma CORT (Schoech et al., 2013; Small and Schoech, 2015). Prior to
CORT assay, we diluted plasma samples in assay buffer (1:20 for baseline and control samples
and 1:100 for stress induced samples) to ensure values fell on the linear part of the standard
curve. Samples were assayed in duplicate on a total of 27 plates with intra-assay CVs ranging
from 1.7 to 4.4% (mean = 2.9%) and an inter-assay CV of 13.4%. To quantify stress-induced
CORT (SI-CORT) responses, we calculated the area under the response curve for each
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individual, which is known as the integrated-CORT response (Cockrem and Silverin, 2002b).
We do not use corrected integrated-CORT, which only includes CORT secretion above basal
levels, because CORT receptors in target tissues do not differentiate between baseline and stressinduced CORT, and that statistical significance of results of previous studies in FSJs do not
differ between integrated- and corrected integrated-CORT (Rensel and Schoech, 2011; Small and
Schoech, 2015).
To determine whether the fear conditioning treatment elicited an endogenous CORT
response, we randomly selected 18 FSJs that were not subjects in any other part of our study, and
measure circulating CORT following control or conditioning treatments. Individuals were
exposed to either the same conditioning treatment (N = 7) or control treatment (i.e., a biologist in
normal field clothes; N = 5) used in the main experiment described above, or a less threatening
conditioning treatment (“mild threat”; N = 6) in which the predator was slowly opened to be
revealed from ca. 15 m and then approached the birds at a moderate rate of ca. 2m/sec. Unlike
the conditioning used in the main experiment, this mild threat did not use an element of surprise
and the predator did not pursue individuals once they had fled. We then captured individuals in
peanut baited Potter traps between ca. 11 and 32 min after treatments (mean ± SD = 19.41 ± 7.25
min, range = 10.53 – 31.56 min) because SI-CORT are typically at or near peak values between
ca. 15 and 30 min in FSJs (Rensel et al., 2010; Schoech et al., 1997).
To quantify CORT levels in response to treatments, we obtained a single blood sample
from each individual within 2.5 min of initial trapping to ensure circulating plasma CORT levels
were not affected by the trapping event (Romero and Reed, 2005; Romero and Romero, 2002).
We collected, processed, stored, and analyzed blood as described above using an enzyme-linked
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immunoassay (Cayman Chemical 501320; detection limit of 30 pg/ml). Samples were assayed in
duplicate on a single plate with an intra-assay CV of 3.6%.
Statistical Analyses
We conducted all statistical analyses in R (R version 3.2.3; R Core Team, 2015), and
used an a priori confidence level of 95% (α = 0.05) to determine statistical significance for all
tests. Where appropriate, model assumptions of normality, collinearity of effects, linearity, and
homoscedasticity were confirmed, unless otherwise stated.
To test whether our novel predator conditioning protocol induced a conditioned response
in FSJs, we evaluated the effect of treatment (i.e., previously chased or unexposed control) and
time since treatment on FID using a linear mixed effects model with the “lme4” package in R
(Bates et al., 2015). We included five additional fixed effects: sex of the individual and
conditioning predator as categorical variables, and age, total number of individuals present
during FID trials (i.e., total birds present), and elapsed time since the surrounding vegetation was
burned (i.e., time since last fire) as continuous covariates. Time since last fire strongly predicts
vegetation diversity, cover, and height in Florida scrub habitat (Menges and Hawkes, 1998;
Menges, 2007; Schmalzer, 2003), and has been used to accurately predict habitat structure and
complexity in other ecosystems frequently disturbed by fire (Coops and Catling, 2000). We
included time since last fire in our model because habitat structure, particularly proximity to
adequate refuge, can influence an individual’s perception of risk and thus their decision to flee an
approaching threat (Stankowich and Blumstein, 2005). We also included first-order interactions
between treatment and sex, age, time since treatment, time since last fire, total birds present, and
type of novel predator. We estimated variances separately for control and conditioned treatments
to account for heteroscedasticity between the treatments (Pinheiro and Bates, 2000). We included
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random intercepts for individuals, the location of FID trials (territory), and each unique FID trial,
as FSJs were most often given FID trials in groups. We calculated significance using the
Kenward-Roger approximation (Kenward and Roger, 1997) from the “pbkrtest” package in R
(Halekoh and Højsgaard, 2014), and estimated effect sizes (Cohen's d) for treatment effects and
novel predator type.
To test for the influence of GCs on the consolidation of fear conditioning we assessed the
relationship between SI-CORT response and FID measured 48 h after conditioning with a
generalized additive mixed-effects model (GAMM) with a penalized spline link function (a.k.a.
smoothing spline) that is optimized via generalized cross-validation (GCV) with the “gamm4”
package in R (Wood and Scheipl, 2014; Wood, 2011, 2006). We used a GAMM because initial
data exploration revealed a skewed distribution of our data and a non-linear relationship between
FID and SI-CORT. GAMMs that utilize smoothing splines are considered pseudoparametric, as
the smoothing function is estimated non-parametrically. As a result, GAMMs offer a greater
degree of flexibility as they can evaluate non-linear relationships and accommodate data that are
not normally distributed (Hastie and Tibshirani, 1990). We analyzed the relationship between
FID and SI-CORT for control and conditioned birds separately because there was a strong
interaction between SI-CORT and treatment (see Results). We also included the type of predator
as a fixed covariate, as it had a near-statistically significant effect on FID in the mixed-effects
model described above; and included sex as a covariate, as FSJs have sex specific differences in
baseline and stress induced CORT (Small and Schoech, 2015). Additionally, we included a
random intercept for each individual, territory, and unique testing event.
Similarly, to test for the influence of GCs on the retention of fear conditioning, we
assessed the relationship between SI-CORT and the change in FID (∆FID) from 48 h to 11 mo
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and from 48 h to 2 yr after conditioning using a GAMM model similar to that described above.
We analyzed the relationship between ∆FID and SI-CORT for control and conditioned birds
separately because there was a strong interaction between SI-CORT and treatment (see Results).
We once again included predator type and sex as fixed effects, as well as the time since treatment
to determine if the influence of SI-CORT changes over a longer period of time (i.e., 2 yr).
Violations of statistical independence can lead to pseudoreplication (Hurlbert, 1984). We
accounted for repeated measures by using a mixed-effects model design. However, because FSJs
are typically found in social groups, 86% of the 358 individual FID measures were collected in
groups of two or more individuals, and thus these observations cannot be considered independent
within groups. That is, the behavior of one individual may have been influenced by the behavior
of another individual during an FID trial. To test whether FIDs of individuals were influenced by
other individuals, we compared the FIDs of individuals that were in “monotypic” groups (i.e.,
groups that consisted of only control birds or only conditioned birds during FID trials), to the
FIDs of individuals that were in “mixed” groups (i.e., groups with conditioned and control birds
tested together during FID trials). “Mixed” groups resulted from dispersal of young, the
occasional “divorce” of mated pairs, and the tendency for neighboring family groups to interact
socially. If the behavior of others strongly influenced the FID of an individual, then we predicted
that control birds in mixed groups would have had longer FIDs than control birds in monotypic
groups. Similarly, we predicted that conditioned birds in mixed groups would have shorter FIDs
compared to the FIDs of conditioned birds in monotypic groups. We tested our predictions using
a linear mixed effects model with the “lme4” package in R (Bates et al., 2015). In addition to
testing the effects of group type, we also included treatment and predator type as fixed effects
and the interaction between treatment and group type. We estimated variances of control and
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conditioned treatments separately to account for heteroscedasticity between the treatments
(Pinheiro and Bates, 2000). We also included individuals, territory, and each unique FID trial as
random effects. We calculated significance using the Kenward-Roger approximation (Kenward
and Roger, 1997) from the “pbkrtest” package in R (Halekoh and Højsgaard, 2014), and
estimated effect sizes (Cohen's d) for the effect due to group composition (i.e., mixed or
monotypic).
We used a general linear model (LM) to assess whether the fear conditioning protocol
(being chased by a novel predator) triggered an endogenous CORT response. We included
treatment type (i.e., conditioned, control, mild treat) as a fixed effect, time post treatment as a
covariate, and their interaction. A statistically significant interaction between the main effect and
covariate was present (see Results), so we centered the covariate around the mean to calculate
conditional effect estimates, also termed “simple slopes”, among the three treatments (Bauer and
Curran, 2005). We report Tukey’s adjusted pairwise comparisons and Cohen’s d effect size
estimates.
We tested whether FSJs generalized their conditioned response beyond the conditioned
stimulus (e.g., do FSJs act fearful of the Umbrella even though they were chased only by the
Puppet and not the Umbrella?). We compared individuals that were either a control for both
predators or a control for one predator, but chased by the other predator. If FSJs generalized their
conditioned response, then individuals chased by the Umbrella, for example, would have had
greater FIDs in response to the Puppet compared to FIDs of individuals that were never chased
by either predator. We used a linear mixed-effects model using the “lme4” package in R (Bates
et al., 2015) with a random intercept for individuals. We report Tukey’s adjusted pairwise
comparisons among the four exposure types.
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Results
Over the course of three years we recorded 358 FIDs of 154 individuals. Birds previously
chased by the novel predator had markedly higher FIDs compared to controls (least squares
mean difference ± SE = 14.00 ± 0.90 m; F1, 154.77 = 231.84, P < 0.0001; Cohen’s d = 2.00; Fig.
2).

Fig. 2. Flight initiation distance (FID; N = 358; start distance = 40 m) of Florida scrub-jays (N =
154) measured ca. 48 hr, 11 mo, and 2 yr after fear conditioning (gray plots) or control
treatments (white plots). Results represented as Tukey boxplots.
Thus, we excluded these interactions from the final model. FIDs did not vary by time
since treatment (F2, 110.15 = 0.74, P = 0.480). Additionally, we found no evidence that sex (F1,
118.48

= 0.52, P = 0.471), age (F1, 127.18 = 0.44, P = 0.510), time since fire (F1, 59.27 = 0.50, P =

0.482), or total birds present (F1, 200.93 = 0.57, P = 0.452) influenced the FIDs of FSJs. The fixed
effects in our final linear mixed-effects model (predominantly treatment effects) explained
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roughly 50% of the variation in FID measurements (marginal R2 = 0.50; Nakagawa and
Schielzeth, 2013). We do not report the conditional R2 values (i.e., proportion of variation
explained by fixed and random effects) given the random effects structure necessary to fit the
heterogeneous variance model.
The relationship between SI-CORT and FID 48 h after treatment depended on the type of
treatment an individual received (i.e., the interaction between treatment and SI-CORT; F2, 103.76 =
44.26, P < 0.0001), so we analyzed control and conditioned birds separately. We found little
evidence for a relationship between FID and SI-CORT of control birds (F1, 56 = 0.44, P = 0.509;
adjusted R2 = -0.02; Fig. 3b). However, there was a statistically significant positive correlation
between FID and SI-CORT in conditioned birds (F3.27, 45.73 = 2.85, P = 0.030; adjusted R2 = 0.2;
Fig. 3a).

Fig. 3. Correlation between flight initiation distance (FID) in response to a novel “predator” and
stress induced corticosterone (CORT), as measured by integrated CORT, in response to a
standardized capture-and-restraint protocol. Florida scrub-jays were either previously chased by
the novel predator (fear conditioned) or unexposed to the novel predator (control). FIDs were
measured 48 h after fear conditioning or control treatments. Gray areas represent the 99%
confidence interval of the smoothing spline regression of the generalized additive mixed model.
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The effect of the type of predator was not statistically significant for either model (control t56 = 1.48, P = 0.146; conditioned t45.73 = -0.435, P = 0.666), nor was the effect of sex (control t56 = 0.713, P = 0.479; conditioned t45.73 = 1.349, P = 0.184).
The relationship between SI-CORT and ∆FID depended on the type of treatment an
individual received (i.e., the interaction between treatment and SI-CORT; F5.07, 98.93 = 17.45, P <
0.0001), so we analyzed control and conditioned birds separately. There was no evidence for an
interaction between SI-CORT and time since treatment (F2, 98.93 = 0.130, P = 0.879), so we
excluded the interaction from the model. We found evidence for an inverted U-shaped
relationship between an individual’s SI-CORT and their ∆FID (F4.18, 40.82 = 24.83, P < 0.0001;
adjusted R2 = 0.56; Fig. 4a).
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Fig. 4. Correlation between change in flight initiation distance (∆FID) in response to a
novel “predator” and stress induced corticosterone (CORT), as measured by integrated CORT, in
response to a standardized capture-and-restraint protocol. Florida scrub-jays were either
previously chased by the novel predator (fear conditioned, panel A) or unexposed to the novel
predator (control, panel B). ∆FID was measured as FID 11 mo after treatment (i.e., fear
conditioning or control) minus FID 48 h after treatment (open circles), and FID 2 yr after
treatment minus FIDs 48 h after treatment (filled circles). Positive ∆FID values indicate FIDs
that became longer over time, whereas negative values indicate FIDs that became shorter over
time. Gray areas represent the 99% confidence interval.
Specifically, the FIDs of low and high stress responders decreased from 48 h to 11 mo and
from 48 h to 2 yr post conditioning, while the FIDs of moderate responders increased over the
same time periods. Neither time since treatment (t40.82 = -1.006, P = 0.320) nor predator type
(t40.82 = 0.637, P = 0.528) had a significant influence on ∆FID. We did not find evidence for a
relationship between SI-CORT and ∆FID in unconditioned controls (F1, 57 = 0.07, P = 0.793;
adjusted R2 = -0.04; Fig. 4b). Likewise, the type of predator (t57 = -0.065, P = 0.949) and time
since treatment (t57 = 0.920, P = 0.362) did not influence ∆FID of controls.
We found little evidence that the composition of an individual’s social group during FID
trials (i.e., mixed or monotypic groups) affected FID. First, we did not find a statistically
significant interaction between treatment and group composition (i.e., monotypic vs mixed; F1,
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119.05

= 0.234, P = 0.629), and thus removed the interaction from the final model. Second,

regardless of treatment, the small effect of group composition (least squares mean difference ±
SE = 1.59 ± 1.07 m; Cohen’s d = 0.42, Fig. 5) was not statistically significant (F1, 89.91 = 1.87, P
= 0.175). Third, the subtle differences in the means of FIDs between individuals of different
group compositions for control and conditioned birds are in the opposite direction of what would
be predicted if individuals were influenced by the behavior of their neighbors (Fig. 5).

Fig 5. Flight initiation distance (FID) of Florida scrub-jays previously chased by a novel predator
(fear conditioned) or unexposed to the novel predator (control). Groups tested during FID trials
were either “mixed” (consisted of both control and fear conditioned individuals, gray plots) or
“monotypic” (consisted of either all control or all fear conditioned individuals, white plots).
Results represented as Tukey boxplots.
Our model to test whether fear conditioning triggered an endogenous CORT response
indicated an interaction between exposure type (i.e., control, mild threat, fear conditioned) and
time caught post exposure (F2, 12 = 6.59, P = 0.012). Therefore, we assessed differences among
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exposure groups with a mean-centered covariate, which compares the means of CORT among
the three exposure types as if all samples were taken at the mean of the covariate (i.e., time
caught post exposure; mean = 19.41 min). CORT levels differed significantly between
individuals chased by the Umbrella and unexposed controls (least squares mean difference ± SE
= 25.46 ± 1.58 ng/ml; t12 = 16.11, P < 0.0001; Cohen’s d = 4.57, Fig. 6).

Fig. 6. Total plasma corticosterone measured from Florida scrub-jays ca. 20 min (mean ± SE =
19.41 min, range = 10.53 – 31.56 min) following one of the three experimental treatments. All
samples were collected within 2.5 min of initial trapping. See Methods for a description of the
experimental treatments. Results represented as Tukey boxplots.
Likewise, CORT levels differed significantly between chased individuals and individuals
that were exposed to a less threatening display of the umbrella predator (least squares mean
difference ± SE = 25.85 ± 1.53 ng/ml; t12 = 16.92, P < 0.0001; Cohen’s d = 4.89). CORT values
of controls and less threatened individuals were not statistically different (least squares mean
difference ± SE = 0.39 ± 1.66 ng/ml; t12 = 0.24, P = 0.970; Cohen’s d = 0.23).
!

45!

!
We found no evidence that individuals had generalized their conditioned response beyond
the specific predator used during fear conditioning. The mean FIDs of controls in response to the
Puppet did not differ based on their exposure to the Umbrella (i.e., control or fear conditioned;
least squares mean difference ± SE = -1.76 ± 2.18 m; t30.56 = -0.809, P = 0.850; Fig. 7).

Fig. 7. Flight initiation distance (FID) of Florida scrub-jays previously unexposed to a novel
predator (Umbrella controls and Puppet controls). Individuals were further subsetted by the
treatment received from the other novel predator; either fear conditioned (gray plots) or control
(white plots). Results represented as Tukey boxplots.
Likewise, the mean FIDs of controls in response to the Umbrella did not differ based on
their exposure to the Puppet (least squares mean difference ± SE = 1.75 ± 1.97 m; t34.83 = 0.891,
P = 0.810; Fig. 7). Additionally, individuals that were controls for both predators responded
similarly to both predators (least squares mean difference ± SE = 3.99 ± 2.01 m; t35.80 = 0.215, P
= 0.810; Fig. 7).
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Discussion
Our study demonstrated that FSJs were able to learn to avoid a novel predator after a
single threating encounter of brief duration, and that individuals maintained this association for
at least two years (Fig. 2). Additionally, stress-induced levels of GCs were both positively
correlated with the consolidation of the fear conditioning (Fig. 3), and had an inverted U-shaped
relationship with the long-lasting retention of the memory. Specifically, individuals with a
moderate stress response exaggerated their fear response at 11 mo and 2yr after fear conditioning
relative to their response 48 h after fear conditioning, while low and high stress responders
decreased their conditioned fear response with time (Fig. 4a). We also demonstrated that our
novel predator fear conditioning protocol is a unique yet feasible method to assess the effects of
stress physiology on learning and memory in FSJs (and likely other species), as 1) the protocol
elicits an HPA axis response during conditioning (Fig. 6), 2) individuals do not generalize their
conditioned fear responses (Fig. 7), and 3) individuals are not significantly influenced by their
social environment during FID trials (Fig. 5). To the best of our knowledge, we are the first to
report the effects of GCs on long-lasting memory (i.e., memory lasting months to years), and are
among only a few to examine the role of stress physiology on learning and memory in freeliving, non-human animals.
Predation is arguably one of the most decisive forces of natural selection, and has had an
obvious impact on a variety of morphological and behavioral traits in animals (e.g., crypsis,
mimicry, armor, spines, aposematic coloration, cyclomorphosis, displays of intimidation, signals
of vigor; Caro, 2005; Dodson, 1974; Endler and Greenwood, 1988; Ruxton et al., 2004; Zahavi
and Zahavi, 1997). Interactions with predators likely influence the evolution of cognitive
capacities as well. For example, many animals have the ability to “decide” when and how to
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employ antipredator strategies based on the surrounding environment, value of nearby resources,
nature of the threat, and previous experience (either direct or through social learning; (Cooper
and Frederick, 2007; Griffin, 2004; Lima and Dill, 1990; Stankowich and Blumstein, 2005). FSJs
can learn the dangers of a novel predator and retain antipredator behaviors for multiple years
after a single threatening encounter. One might predict such an ability given that failure to learn
the dangers of a novel predator after it first attacks may lead to a failure to live during a second
attack. However, our results indicate a wide range of variation of the retention of antipredator
behavior over time. Specifically, many FSJs exhibited decreased FIDs with time, suggesting
memory decay (i.e., forgetting), while others maintained or increased their FID in response to
subsequent encounters with the novel predator. On the surface, forgetting the dangers of a
potential predator seems maladaptive, but it may be beneficial under certain contexts. For
example, in environments with a wide variety of potential predators, FSJs that do not maintain
long-term memories of rarely encountered predators may free valuable neuronal real estate to
ensure more frequently encountered predators are better remembered. Conversely, maintaining a
robust anitpredator response may be adaptive when faced with infrequent yet efficient predators.
Regardless of the specific benefits and costs associated with decreased, maintained, or even
increased antipredator behavior with time, such wide variation is likely a source on which natural
selection acts, and may indicate a dynamic landscape of predation pressures.
Our experimental design and subjects differed considerably from traditional fear
conditioning studies, but our finding that GCs seemingly enhanced consolidation mirror those of
decades of work conducted on laboratory models (see reviews in McGaugh, 2015, 2000;
Roozendaal, 2002, 2000; Sandi and Pinelo-Nava, 2007). Unlike most fear conditioning studies,
we assessed naturally occurring, among-individual variation in stress-induced CORT release.
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Most laboratory studies compare treatment groups that differ by intensity of stressful stimuli
exposure (e.g., Salehi et al., 2010), or administration of GC receptor agonists or antagonist (e.g.,
Pugh et al., 1997). One of the drawbacks of studying naturally occurring variation is that the
variation is not randomized among individuals. As a result, it is possible that our explanatory
effect (SI-CORT) is intrinsically correlated with the theoretical “actual” causal effect, which we
have failed to include in the statistical model. However, we find this unlikely given the wealth of
experimental data linking GC exposure and memory consolidation (reviewed in McGaugh, 2015,
2000; Roozendaal, 2002, 2000; Sandi and Pinelo-Nava, 2007).
Individuals that responded to the standardized capture-and-restraint protocol with low or
high levels of SI-CORT showed a decrease in their conditioned fear response over time,
presumably through memory decay (i.e., forgetting) or memory extinction, which is the masking
of a consolidated memory by a newly learned association (Pavlov, 1927). Extinction is a fairly
common phenomenon in fear conditioning and typically results from repeated exposures to a
conditioned stimulus without the unconditioned stimulus (Myers and Davis, 2007; Quirk, 2002).
As a hypothetical example of extinction, continued exposure to the Umbrella without chasing
could temporarily overshadow the original association of being chased, and lead to a dampened
or even extinguished fear response (i.e., shorter FID). However, if the extinction memory is not
reinforced, the original fear conditioned response reappears over time, a phenomenon known as
“spontaneous recovery” (Bouton, 2004; Myers and Davis, 2007). FSJs were exposed to the
unpaired conditioned stimulus only once (i.e., 48 h after conditioning) before high and low stress
responders exhibited shorter FIDs, and they never exhibit spontaneous recovery at 11 mo and 2
yr. Therefore, we argue that the observed decrease in the conditioned response of FSJs with low
and high stress responses is better explained by memory decay. Indeed memory, including fear
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conditioning, tends to decay over time in animals and humans (see review in Lupien and
McEwen, 1997).
We observed that subjects with a moderate physiological stress response increased their
conditioned response (i.e., had longer FIDs) over time. This intensified conditioned fear response
is superficially similar to sensitization, a form of non-associative learning wherein an innate
response amplifies with frequently repeated administrations of a stimulus and lasts for minutes to
hours (Kandel and Schwartz, 1982), or even up to days to weeks (Frost et al., 1985). However,
unlike sensitization, the amplified conditioned response of FSJs was a product of associative
learning and occurred in the absence of repeated exposures and over a much longer period of
time (i.e., ca. 11 mo to 2 yr). We are perplexed by this finding as conditioned responses typically
remain the same or weaken with time. We contend that our results are difficult to interpret within
the context of contemporary theories of long-term memory formation and retention, which are
largely based on laboratory experiments conducted over relatively short durations (i.e., hours to
weeks). However, we speculate that the BLA and hippocampus play an essential role, as they
both mediate the consolidation and retention of contextual fear memories via mineralcorticoid
and GC receptor activation (reviewed by Akirav and Maroun, 2012; McGaugh, 2004; Rodrigues
et al., 2009; Roozendaal and McGaugh, 2011), and likely contribute substantially to the
regulation of the magnitude of the GC stress response (Herman et al., 2005). Below, we offer
possible explanations for the observed exaggerated fear response in FSJs within the context of
“reconsolidation” and “system consolidation”, and discuss similarities between our findings and
symptoms of post-traumatic stress disorder in humans.
Traditional theories suggest that once consolidated, long-term memories are more or less
stable, and resist the amnesic effects of blocked protein synthesis, electro convulsive shock, and
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brain injury (Davis and Squire, 1984; Duncan, 1949; McGaugh, 1966). Recently however, Nader
et al. (2000a) demonstrated that consolidated memories become labile once recalled or
reactivated, and become vulnerable to the amnesic effects of various pharmacological
manipulation before “reconsolidation” is complete (reviewed by Dudai, 2012; Nader, 2015;
Nader et al., 2000b). For example, intrahippocampal injections of a GC receptor antagonist can
impair reconsolidation (Nikzad et al., 2011). Similarly, inactivation of BLA GC receptors
disrupts reconsolidation (Jin et al., 2007; Tronel and Alberini, 2011), and administration of GCs
at stress-induced levels in the BLA has the same disruptive effect (reviewed by Schwabe et al.,
2011), These disruptions suggest an inverted U-shaped relationship between GCs and
reconsolidation. Indeed, stress can impact memory function in an inverted U-shaped manner
(Yerkes-Dodson Law; Yerkes and Dodson, 1908). However, the impact of GCs on a specific
memory process is typically linear, and the direction of the correlation depends on the specific
memory process (e.g., acquisition, consolidation, recall; Roozendaal and McGaugh, 2011; Sandi
and Pinelo-Nava, 2007; but see Conrad et al., 1999; Pugh et al., 1997).
Some have suggested that long-term memories may be enhanced or strengthened during
the short mutable window between reactivation and reconsolidation (Dudai, 2012; Sara, 2000).
Indeed, enhancement of previously consolidated memories has been achieved in rats via
activation of amygdalar protein kinase A (Tronson et al., 2006), enhanced noradrenergic activity
in the amygdala (Dębiec et al., 2011), and inhibition of histone deacetylase (Bredy and Barad,
2008). However, to the best of our knowledge, whether such enhancement is mediated by GCs is
unknown. Conceivably, the memory of being chased by the Umbrella or Puppet was modified
during reconsolidation following its activation during the FID trial 48 h post conditioning. If
GCs mediate reconsolidation in an inverted-U shaped manner, moderate stress responders may
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have reconsolidate an exaggerated or enhanced memory of being chased by the novel predator
resulting in the more fearful responses observed during the 11 mo and 2 yr FID trials. However,
this assumes that the FID trial 48 h after conditioning triggered a GC response, which is
currently unknown. However, the sight of a predator can activate the HPA axis and subsequent
GC response in a number of avian species (Canoine et al., 2002; Cockrem and Silverin, 2002a;
Jones et al., 2016; Pakkala et al., 2013; Silverin, 1998); therefore, it is not unreasonable to
speculate that sight of the ‘novel predator’ had a similar result.
Forty-eight hours is assumed to be more than enough time for short-term memory to
consolidate into long-term memory (Schafe and LeDoux, 2000) via “synaptic consolidation”
(Clopath, 2012; Dudai, 2012) or “molecular consolidation” (Nader et al., 2000b). Further, our
time-frame is longer than the relatively few hours that are traditionally used to study memory
consolidation in laboratory models (McGaugh, 2000), and is twice the minimum recommended
duration to insure synaptic consolidation occurs (Roozendaal, 2002). In contrast to synaptic
consolidation, “system” or “trace-transfer” consolidation is the process by which memories are
reorganized or shifted from one region of the brain to another (e.g., from the hippocampus and
amygdala to other areas of the cortex), and can take considerably more time than synaptic
consolidation (e.g., from days to years; Knowlton and Fanselow, 1998; McClelland et al., 1995;
Smith and Squire, 2009; Squire, 1992). System consolidation is well studied for declarative
memory, but has only recently been discovered to play an important role in fear conditioning
(Sacco and Sacchetti, 2010). For fear conditioned memories, “remote” memories (i.e., 30 days
after conditioning) rely on secondary cortices as well as the amygdala for normal memory
function, whereas disruption to higher sensory cortical structures has no effect on “recent”
memories (i.e., 24 h or shorter; Cambiaghi et al., 2016; Do-Monte et al., 2015; Sacco and
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Sacchetti, 2010). The dorsal hippocampus also plays a role in system consolidation, as its
ablation leads to memory decay of recently consolidated fear memories (Zelikowsky et al.,
2012). Though stress hormones, particularly catecholamines and GCs, are well known for their
ability to modulate memory via synaptic consolidation (Cahill and McGaugh, 1996; Roozendaal
and McGaugh, 2011), their effects on system consolidation is unknown. We speculate that
dysregulation of system consolidation may have contributed to the exacerbated fear responses
that occurred over time in FSJs that had moderate physiological stress-responses.
Post-traumatic stress disorder (PTSD) is a mental disorder that can develop in humans
following exposure to a life threating or otherwise traumatic event of an extreme nature, and
results in pathological reactions, such as intrusive memories (e.g., nightmares, flashbacks;
American Psychiatric Association, 2013). PTSD is thought to result from the
“overconsolidation” of pathologically intense memories (Pitman, 1989), and may also involve
their reconsolidation (Dębiec et al., 2011). Interestingly, PTSD shares a number of key
characteristics with the behavior of moderate stress responders in our study. Similar to the FSJs
that increased their FID with time, humans who suffer from PTSD exhibit exaggerated
conditioned responses and hyperarousal to cues associated with the original traumatic
experience, as well as long-lasting retention of fear memories (see reviews in Charney et al.,
1993; Orr et al., 2002). Similarly, traumatic memories associated with PTSD are resistant to
extinction or decay (Corley et al., 2012; Milad et al., 2009), as were the conditioned responses of
FSJs with moderate stress phenotypes. However, we were not able to determine if our subjects
exhibited dissociative reactions, distressing dreams, or recurrent, involuntary recall of the
conditioning experience, which are all key diagnostic criteria for PTSD (American Psychiatric
Association, 2013). Recently, researchers have used fear conditioning to develop rodent models
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of PTSD (Cordero et al., 2002; Corley et al., 2012; Dębiec et al., 2011; Rau et al., 2005; Zoladz
et al., 2012), as PTSD is thought to be a pathological consequence of severe fear conditioning in
humans (Blechert et al., 2007; Charney et al., 1993; Rothbaum and Davis, 2003). Rodent models
have revealed that enhanced fear conditioning and PTSD-like symptoms can result from
exposure to chronic stress (Cordero et al., 2003a; McGuire et al., 2011; Zoladz et al., 2012) or
high levels of acute stress (Cordero et al., 2003b, 2002; Corley et al., 2012; Rau et al., 2005).
However, unlike these rodent models, our results indicate a correlation between moderate GC
responses to stress and the subsequent expression of PTSD-like symptoms.
Captive-reared animals are necessarily naïve of predators, which is, in part, why
reintroductions of captive-reared animals into native habitats have been largely unsuccessful (see
review in Griffin et al., 2000). Some conservation programs have improved the survival of
reintroduced endangered species by using fear conditioning to “teach” naïve animals about the
dangers of natural predators prior to release (Griffin, 2004; McLean et al., 1999; van Heezik et
al., 1999; White et al., 2005). Our results indicate that the stress response phenotype of an
individual affects the initial consolidation and retention of a conditioned fear response to a novel
predator. Conservation programs may improve species recovery by designing predator avoidance
conditioning protocols that elicit the optimal memory enhancing stress response, and by selecting
individuals with stress response phenotypes that optimally enhance consolidation and retention
of antipredator information (see discussion in Watters and Meehan, 2007). A better
understanding of long-lasting memory consolidation and retention in free-living animals will
likely improve species recovery efforts that rely on the release of captive-reared animals.

Conclusion
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Our study demonstrated that FSJs retained the memory of a single, brief encounter with a
novel “predator” for at least two years. The consolidation of this fear-conditioned memory was
positively correlated with an individual’s GC response to a standardized stressor. Surprisingly,
moderate SI-CORT responders developed an enhanced fear response with time, whereas high
and low SI-CORT jays exhibited an attenuated response, suggesting an inverted U-shaped
relationship between GCs and long-lasting retention of fear memories. Our experiment differed
in many respects from that of the traditional fear conditioning paradigm, perhaps most notably in
its use of free-living subjects and assessment of memory across relatively long intervals of time.
Our study suggests numerous avenues for further exploration, particularly in more ecologically
relevant contexts and time frames. We eagerly await further elucidation of the link between
stress physiology and long-lasting fear memory.
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Chapter 4: Forgetting to Remember: Memory Consolidation is Blocked by Exogenous
Corticosterone in Free-living Florida Scrub-jays (Aphelocoma coerulecens)
Introduction
Long-term exposure to stress disrupts cognitive abilities, such as learning and memory
(reviewed by Juster et al., 2010; Kim et al., 2013; Lupien et al., 2009; McEwen and Sapolsky,
1995; McEwen, 2004; Sapolsky, 1996). However, the effects of acute (short-term) stress can
either enhance or impair cognition depending on the intensity of the stressor, the specific
cognitive process, and the neuroendocrine mediators involved (reviewed by de Kloet et al., 1999;
Roozendaal and McGaugh, 2011; Roozendaal, 2002; Sandi and Pinelo-Nava, 2007; Schwabe et
al., 2011). One such mediator, glucocorticoids (GCs), are steroid hormones released by the
adrenal cortex, which are generally maintained at relatively low baseline levels, but which
increase markedly within minutes following activation of the hypothalamic-pituitary-adrenal
(HPA) axis (Charmandari et al., 2005; Norris and Carr, 2013). The impact of GCs on specific
memory processes is typically linear, and the direction of the correlation varies depending on the
specific memory process (Roozendaal and McGaugh, 2011; Sandi and Pinelo-Nava, 2007). For
example, GCs generally enhance memory consolidation, the process by which newly acquired
information transitions from short- to long-term memory (reviewed by McGaugh, 2015, 2000;
Roozendaal, 2000; Sandi and Pinelo-Nava, 2007). In contrast, GCs impair memory recall or
reactivation, the retrieval of previously learned information (de Quervain et al., 2000;
Roozendaal, 2002). Despite over a century of study, we know little about the impacts of stress,
let alone the actions of its hormonal mediators, on memory in free-living, non-human animals.
Most studies that have investigated the role of GCs in learning and memory have done so
in laboratory rodent models. A handful of studies have used captive held (e.g., Mateo, 2008;
Pravosudov, 2003; Pravosudov et al., 2003; Thaker et al., 2010) or hand-reared individuals of
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“wild” species (Pfeffer et al., 2002; Saldanha et al., 2000). To the best of our knowledge, studies
of the effects of GCs on memory in free-living, non-human animals are virtually non existent
(but see Thaker et al., 2010). We argue that investigations into the links between stress and
memory in free-living animals are valuable, if not crucial, for two reasons. First, behavioral
responses and physiological functions are known to differ between free-living animals and their
domesticated laboratory counterparts (e.g., Barnett, 1958; Blanchard et al., 1986; Calisi and
Bentley, 2009; Crawford, 1968; Fleming et al., 2002; Johnsson et al., 2001; Klaus and Amrein,
2012; Künzl et al., 2003; Lincoln et al., 1990; Mineka et al., 1980; Mitchell, 1976; Price, 1999;
Rogers and Richter, 1948; Stryjek et al., 2013; Jones et al. in review). Second, captivity often
induces chronic stress in animals (Dickens et al., 2010, 2009; Morgan and Tromborg, 2007;
Terio et al., 2004), which would confound the effects of acute stress on cognitive performance.
This study used a fear conditioning protocol designed to evaluate learning and memory in
free-living animals (details in Jones et al. in review) to evaluate the effects of corticosterone
(CORT; the primary GC in birds) on memory consolidation in a species well known for its
contribution to field endocrinology, the Florida scrub-jay (FSJ; Aphelocoma coerulecens).
Specifically, we administered exogenous CORT to elevate levels of circulating CORT in
individuals 3-4 minutes after exposure to an attack by a novel “predator.” We hypothesized that
CORT would enhance memory consolidation. Thus, CORT-treated individuals would exhibit a
higher degree of avoidance during subsequent encounters with the novel predator than would
controls.
Methods
Study System
The FSJ is a federally threatened, non-migratory, socially and genetically monogamous,
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cooperatively breeding avian species that is specially adapted to the fire-dependent Florida scrub
ecosystem (Quinn et al., 1999; Townsend et al., 2011; Woolfenden and Fitzpatrick, 1984). We
studied a population of ca. 200 individuals at Archbold Biological Station (ABS), Highlands
County, Florida (27°19′N, 81°2l′W, elevation 38-68 m). FSJ are an ideal model to study memory
in a free-living animal because they are a moderately long-lived species easily located within
year-round territories and rely on their memory to cache and retrieve thousands of acorns every
year (DeGange et al., 1989). Also, individuals in our study population at ABS are easily
identified by unique combinations of color bands and USGS aluminum bands and readily eat
peanuts and waxworms, which we use to bait traps, administer exogenous compounds, and
motivate individuals to participate in behavioral tests (Schoech et al., 2007, 1991).
Fear Conditioning
In April 2013 we conditioned randomly selected male breeders to avoid a novel
“predator” (the “Puppet”; Fig. 1) using a fear conditioning protocol designed to study how FSJs
learn and retain information about the dangers of potential predators (Jones et al. in review).
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Fig. 1. Novel Predator “Puppet” used in fear conditioning of Florida scrub-jays
Specifically, a masked biologist approached male breeders within 4 m, quickly revealed
the Puppet, and chased subjects with the novel predator for less than 5 s. The Puppet was
designed to be easily concealed and opened in less than 1 s, giving it a startling quality.
Randomly selected controls were not exposed to the Puppet, but were approached and briefly
observed by a field biologist in typical field clothes. Approximately 48 h (mean ± SD = 48.62 ±
1.49 h, range = 45.22 – 52.04 h) after conditioning and control exposures, we quantified
conditioned responses by measuring flight initiation distances (FID; distance at which an
individual flees from an approaching threat). To measure FID, a biologist used peanuts to attract
a male breeder to an open sandy firebreak within the bird’s territory. Then, the Puppet emerged
from a blind ca. 40 m away and slowly approached the individual at a pace of ca. 1 m/sec. The
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biologist operating the Puppet dropped a weighted marker as the subject fled. A second biologist
observed the color bands and departure location of the fleeing bird through binoculars. The
distance between the dropped marker and departure location was measured as that individual’s
FID. To control for different levels of appetite among subjects, we conducted FID trials after
individuals had stopped eating and had begun to collect peanuts to cache. We conducted all
conditioning and control exposures and FID trials between 1200 and 1730 h.
Exogenous CORT
Within 10 s prior to conditioning or control exposures, individuals were fed a thawed,

previously frozen waxworm that had then been injected with either 20 µg of CORT (≥ 98.5%
[HPLC]; Sigma-Aldrich 27840) suspended in 25 µL of peanut oil or 25 µL of peanut oil as a
control. Therefore, all individuals belonged to one of four treatment groups in which subjects
were: 1) chased by the Puppet and given a control waxworm (conditioned); 2) chased by the
Puppet and given exogenous CORT (conditioned + CORT); 3) unexposed to the Puppet and
given a control waxworm (controls); and 4) unexposed to the Puppet and given exogenous
CORT (controls + CORT). Administration of exogenous CORT to targeted individual FSJs in
the field is relatively simple, as individuals in our study population closely approach researchers
for peanuts and waxworms (Schoech et al., 2007). Additionally, because male breeders are the
dominant member of a family group (Woolfenden and Fitzpatrick, 1977), the risk of another bird
stealing a waxworm offered to a male breeder was minimal. All targeted male breeders received
the appropriate CORT or control treatment by throwing the relevant waxworm at an individual’s
feet and observing him consume and swallow it. Though exogenous CORT was given seconds
before conditioning and control exposures, CORT levels were not elevated for at least 3-4 min
after exposures were completed (Fig. 2), which is similar in timing to the onset of an endogenous
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CORT response following an acute stressor (Romero and Reed, 2005; Romero and Romero,
2002; Small et al. in review).

Fig. 2. Total plasma corticosterone measured from Florida scrub-jays between 3.13 and 47.67
min after administration of 20 µg of exogenous CORT. All samples were collected within 2.5
min (mean ± SD = 1.95 ± 0.28 min, range = 1.50 – 2.42 min) of initial trapping. Results
represented as Tukey boxplots.
Therefore, our exogenous CORT administration would not have affected attention levels or
memory acquisition during the brief fear conditioning exposures, which lasted no more than 5 s.
To determine whether exogenous CORT administration elevated levels of CORT, we
randomly selected 14 individuals that did not participate in the main study and measured CORT
following administration of exogenous CORT as described above. Individuals were captured in
peanut baited Potter traps between 3.13 and 47.67 min after administration of exogenous CORT.
To quantify circulating CORT levels, we obtained a single blood sample from each individual
within ca. 2.5 min (mean ± SD = 1.95 ± 0.28 min, range = 1.50 – 2.42 min) of initial trapping to
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ensure circulating plasma CORT levels were not influenced by the trapping event (Romero and
Reed, 2005; Romero and Romero, 2002; but see Small et al. in review). Samples were held on
ice for 1-4 h, after which plasma was separated by centrifugation, drawn off, and stored at −20
°C until analysis. We used an enzyme-linked immunoassay (Cayman Chemical 500655;
detection limit of 30 pg/ml) to quantify total plasma CORT (Schoech et al., 2013; Small and
Schoech, 2015). Prior to CORT assay, we diluted plasma samples in assay buffer (1:20 for
samples with expected baseline concentrations and 1:100 for samples with expected stress
induced concentrations) to ensure values fell on the linear part of the standard curve. Samples
were assayed in duplicate on a single plate with an intra-assay CV of 4.1%.
Statistical Analyses
We conducted all statistical analyses in R using the “base” package (R version 3.2.3; R Core
Team, 2015), and used an a priori confidence level of 95% (α = 0.05) to determine statistical
significance. We used a general linear model to assess whether mean FID was affected by
treatment. We included treatment type as a fixed effect, and age and total number of birds
present during FID trials as covariates. We also included time since last fire (i.e., the elapsed
time since the surrounding habitat was burned), which predicts the general diversity, complexity,
and structure of the Florida scrub ecosystem (Menges and Hawkes, 1998; Menges, 2007;
Schmalzer, 2003). We included time since last fire because the structure of the surrounding
landscape, especially distance to suitable cover from predators, can affect an individual’s FID
(Stankowich and Blumstein, 2005). We also assessed the effects of first-order interactions
between treatment type and age, time since last fire, and total birds present. We report Tukey's
adjusted pairwise comparisons, as well as effect size estimates (Cohen's d).
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Results
In our validation of exogenous CORT delivery, plasma levels began to increase at ca. 4 min
following administration. Concentrations reached a transitory spike of ca. 80 ng/ml at ca. 12 min
before falling back to near baseline levels at ca. 45 min (Fig. 2). These levels were similar in
magnitude and time course to previous administration of exogenous CORT in FSJs (see Fig. 2 in
Schoech et al., 2007), and within the range of peak endogenous levels observed in FSJs
following a standardized capture-and-restraint protocol (see Fig. 3 in Schoech et al., 1997),
which can reach as high as ca. 100 ng/ml (Small and Schoech, 2015).
Our linear model met assumptions of normality, multicollinearity of effects, and linearity.
However, preliminary assessment of our data indicated possible heteroscedasticity, as the
variance among FIDs of conditioned birds was observably larger than the variances of the three
remaining groups (Fig. 3).
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Fig. 3. Flight initiation distance (FID) of Florida scrub-jays previously chased by a novel
predator (conditioned) or unexposed to the novel predator (control). Individuals of both control
and conditioned groups received either 20µg of exogenous CORT (indicated as “…+ CORT”) or
a shame dose within 10 s prior to fear conditioning. Note, a delay of ca. 4 min between CORT
administration and a measurable increase in circulating levels insured CORT was not elevated
until well after fear conditioning was completed. See Methods for further details. Results
represented as Tukey boxplots.
Though a Levene’s test of homogeneity of variance indicated that the differences among the
treatment groups’ variances were not statistically significant, albeit nearly so (F3,61 = 2.59; P =
0.06), we agree with contemporary arguments that the use of preliminary tests of
homoscedasticity, such as Levene’s and Bartlett’s tests, should be discouraged (Markowski and
Markowski, 1990; Zimmerman, 2004). With that said, however, the nature of the
heteroscedasticity in our data actually reduces the likelihood of Type I statistical errors (false
positives) because the larger variance is associated with the larger sample size (i.e., conditioned
birds [N = 20]; Glass et al., 1972; Zimmerman, 2004). Therefore, we did not transform the data
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to reduce variance heterogenity, as this would not have reduced the likelihood of statistical
errors. We found strong evidence for a statistically significant difference (expressed as least
squared mean differences ± SE throughout) between the mean FID of conditioned birds and each
of the other treatment groups (conditioned vs. control [17.3 ± 2.1 m; t1,58 = 8.15; P < 0.0001;
Cohen’s d = 2.8]; conditioned vs. control + CORT [16.9 ± 2.1 m; t1,58 = 8.00; P < 0.0001;
Cohen’s d = 2.5]; and conditioned vs. conditioned + CORT [16.3 ± 2.1 m; t1,58 = 7.92; P <
0.0001; Cohen’s d = 2.5]; Fig. 3). Mean FIDs among control, control + CORT, and conditioned
+ CORT groups did not differ (control vs. control + CORT [-0.4 ± 2.4 m; t1,58 = -0.19; P =
0.998]; control vs. conditioned + CORT [-1.1 ± 2.3 m; t1,58 = -0.46; P = 0.97]; and control +
CORT vs. conditioned + CORT [-0.6 ± 2.3 m; t1,58 = -0.27; P = 0.99]; Fig. 3).
Discussion
Our study demonstrated that Florida scrub-jays with CORT exogenously elevated shortly
after fear conditioning exhibited conditioned responses indistinguishable from those of
unconditioned controls (Fig. 3). In contrast, conditioned birds that did not receive CORT
developed a robust fear response (Fig. 3). Contrary to our predictions, these results strongly
suggest that high levels of CORT during memory consolidation can not only impair, but
completely block the formation of a long-term fear conditioned memory, which opposes the
findings from decades of studies in laboratory models (reviewed by McGaugh, 2015, 2000;
Roozendaal, 2000; Sandi and Pinelo-Nava, 2007). It is unlikely that exogenous CORT affected
memory acquisition, as treatment would not have increased circulating levels until 3-4 minutes
after fear conditioning was complete. Likewise, CORT treatment likely did not affect memory
reactivation, as we used the recommended washout period of 48 h before assessing conditioned
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responses (Roozendaal, 2002), and elevated CORT due to exogenous treatment would have
returned to baseline levels well before FID trials ca. 48 h later (Fig. 2).
Exogenous CORT administration elevated circulating CORT to ca. 80 ng/ml (Fig. 2),
which is similar to the highest levels observed in FSJs in response to a standardized capture-andrestraint protocol ((Rensel et al., 2010; Schoech et al., 1997). However, after completion of this
study, we confirmed that our fear conditioning protocol elicited an endogenous CORT response,
increasing CORT concentrations to peak levels ranging from ca. 30 to 40 ng/ml (Jones et al. in
review), which are within the range of those experienced by other passerines in response to a
threat from a live or artificial predator (ca. range = 15 – 65 ng/ml; Canoine et al., 2002; Cockrem
and Silverin, 2002; Jones et al., 2016; Silverin, 1998). As a result, subjects likely experienced
concentrations higher than those produced by exogenous treatment alone. The extent to which
CORT treatment influenced the down-regulation of endogenous production, if at all, via negative
feedback is unknown. However, subjects most likely experienced peak stress-induced
concentration of CORT well above what would have been their normal response to a predatory
threat, which may explain our unexpected results.
We previously reported that exposure to endogenous CORT enhanced the consolidation
of fear memories in FSJs (Jones et al. in review), and here we report that exogenous CORT
impaired consolidation of a fear memory. Endogenous CORT levels following fear conditioning
were in the range of ca. 30 - 40 ng/ml (Jones et al. in review), whereas our exogenous treatment
resulted in considerably higher absolute levels (see Fig. 2). The results presented here, and those
of our previous work, may describe two components of a curvilinear relationship that, when
considered together, are not inconsistent with the often characterized inverted U-shaped
relationship between CORT and memory. Indeed, an inverted U-shaped relationship exists
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between GCs and a number of specific learning and memory processes, such as long term
potentiation in the hippocampus (Diamond et al., 1992; Kim and Diamond, 2002), the recall of
declarative memories in humans (Rimmele et al., 2013; Schilling et al., 2013), and the retention
and exaggeration of long-lasting memories in FSJs (Jones et al. in review). However, whether an
inverted U-shaped relationship characterizes the relationship between GCs and memory
consolidation is unclear. Previous studies that reported an inverted U-shaped relationship
between GCs and long-term memory manipulated GCs or GC receptors during multiple memory
processes (i.e., acquisition, consolidation, and reactivation; Conrad et al., 1999; Kovács et al.,
1977; Mateo, 2008; Salehi et al., 2010), thus an understanding of the role of GCs on any specific
process is problematic. That said, at least one study has demonstrated that consolidation is
characterized by an inverted U following administration of exogenous GCs. Pugh et al. (1997)
reported that fear conditioned rats given a relatively high dose of CORT following conditioning
did not exhibit the enhanced consolidation of individuals given a low or moderate dose of
CORT. However, unlike our results, rats that received a high dose of CORT were not impaired
relative to conditioned controls.
The inverted U-shaped curve that describes the link between GCs and some memory
processes is thought to be mediated by the differential affinities of the two primary GC receptors
(mineralocorticoid [type I] receptors and glucocorticoid [type II] receptors; Conrad et al., 1999;
Lupien and McEwen, 1997; Sapolsky, 2015). We speculate that the exogenous CORT
administered to FSJs, in concert with endogenous production following fear conditioning,
resulted in high occupation of glucocorticoid receptors, which can inhibit synaptic plasticity
(Kim and Diamond, 2002; Wiegert et al., 2005; Xu et al., 1998). Such an effect may, as purposed
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by Conrad et al. (1999), inhibit “neural excitability” leading to impaired memory processes, such
as consolidation.
Conclusion
Free-living FSJs treated with CORT following fear conditioning exhibited conditioned
responses that were indistinguishable from those of un-conditioned controls, whereas
conditioned birds that did not receive hormonal manipulation developed a robust conditioned
response. These results suggest that elevated CORT blocked the consolidation of the conditioned
fear memory, which was unexpected given that CORT typically enhances consolidation.
Exogenous treatment and endogenous production of CORT may have had an additive affect,
exposing conditioned + CORT subjects to CORT levels higher than those typically incurred by
passerines following exposure to a predator, but similar to levels observed in the highest
responding FSJs under maximal capture-and-restraint stress. We previously found that
endogenous CORT enhances memory consolidation, which, considered with the above results,
suggest that CORT mediates consolidation in an inverted U-shaped manner in free-living FSJs.
Because most of what is known about the mediation of memory consolidation via the actions of
GCs is from studies of laboratory models, we can not determine whether our unusual results are
unique to FSJs, our novel fear conditioning protocol, free-living passerines in general, or some
combination of these factors. We, therefore, hope others will continue to develop the fear
conditioning paradigm, which has been traditionally carried out in the laboratory, to assess
learning and memory in the field.
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Chapter 5: Conclusion
The results presented in this dissertation contribute valuable information to the fields of
stress physiology and learning and memory. By conducting experiments in more ecologically
relevant contexts, we have a better understanding of the physiological and cognitive differences
and similarities between free-living animals under natural conditions and animals that are either
subject to highly contrived protocols, bred for laboratory use, or most often both.
In chapter 2, I reported that European starlings that witnessed a brief raptor attack
responded with CORT levels comparable to those induced by a standardized capture-andrestraint protocol. CORT levels of individuals following the control treatment were similar to
baseline levels, and those that witnessed a human “attack” had intermediate levels. Our results
demonstrate that witnessing a predator attack of very brief duration (< 2-8 s) triggers a profound
adrenocortical stress response. Given the considerable evidence of a role for glucocorticoids in
learning and memory, such a response may affect how individuals learn to recognize and
appropriately react to predators.
In chapter 3, FSJs previously chased by a novel predator exhibited strong fear responses
for up to at least 2 years. Further, the strength of the avoidance exhibit by conditioned birds
positively correlated with their stress-induced glucocorticoid response. Surprisingly, individuals
with a moderate stress response exhibited an exaggerated fear response with time. Though these
results are somewhat unprecedented, we speculate that the recently elucidated processes of
memory reconsolidation or system consolidation may help explain why FSJs behave more
fearfully with time rather than exhibit memory extinction or decay.
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In chapter 4, compared to controls, FSJs that were fear conditioned without exogenous
CORT were more fearful of the novel predator 48 h after fear conditioning. Birds that
experienced exogenously elevated CORT post-conditioning avoided the novel predator to the
same degree as unconditioned controls. Contrary to the results of previous fear conditioning
studies conducted on laboratory models, these results suggest exposure to high levels of
exogenous GCs can block memory consolidation.
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